This study investigated the effects of worn-out shoes on lower leg stability, shock absorption and energy cost during prolonged walking. Seven male subjects (23.4 Ϯ 0.5 yr) walked at 4.8 km/h for 60 minutes wearing three different pairs of shoes: two of these pairs had severely and moderately worn soles (EASC: Excessive Attrite Shoe Condition and MASC: Moderate Attrite Shoe Condition, respectively) and the other pair had no wear (NASC: No Attrite Shoe Condition). Impact acceleration at the subtalar at heel strike, rearfoot angles (the subtalar joint and the lower leg) during stance phase, and oxygen uptake (V O 2 ) were measured throughout the 60-minute walk. At the 10th minute of walking, worn-out shoes increased the supination of the subtalar joint and extortion of the lower leg. In addition, V O 2 was significant larger in EASC (808.3 ml · min Ϫ1 ) than in NASC (749.5 ml · min Ϫ1 ). During the 60-minute walk, however, there were no time effects of shoe condition on the rearfoot angles and on V O 2 . In contrast, impact acceleration at the subtalar joint in EASC remained almost constant until the 30th minute of walking, and then began to elevate. In conclusion, worn-out shoes increased the energy cost and reduced lower leg stability during walking, although these changes were not influenced by walking duration within 60 minutes. However, prolonged walking showed the potential negative effect of worn-out shoe on shock absorption.
Introduction
The shoe sole consists of an outer sole, midsole and insole from the bottom to the interior. The midsole is mainly required to perform two functions: shock absorption and stability during human locomotion. Shock absorption plays a role in protecting the body from impact forces at heel strike, which reduces the strain of the muscles and the soft-tissue vibration in the lower limbs (Clarke et al., 1983; Light et al., 1980; Lafortune and Hennig, 1992) . Stability plays a role in bracing the ankle to limit excessive movement of the lower limbs and stabilize locomotion (Lafortune et al., 1994; Milani et al., 1995; Nigg et al., 1998) . These two functions prevent various injuries of the joints, muscles, ligaments, and cartilage in the lower limbs. However, wear of the shoe sole is unavoidable with long term use of the shoe. Our previous study using young men showed that most of the shoe sole used for at least one year was worn out around the outer lateral portion of the heel, and this local wear reached up to the midsole. Furthermore, the worn-out shoes that simulated long term use increased supination of the subtalar joint and extortion of the lower leg during walking, compared to that of a shoe without wear. These findings indicated that a worn-out sole affects the stability of the shoe.
While walking, the human body requires optimal movements in order to minimize the energy cost. Conversely, deviation from these optimal movements increase the energy cost (Cavanagh and Williams, 1982; Michael et al., 1996) . In our previous study, worn-out shoes increased movement of the lower limb, as previously described, and shifted the center of foot pressure (COP) further toward the side at mid stance. The lateral shift of the COP indicates increased displacement of the body from side to side during walking Yuancheng et al., 1993) . Thus, these biomechanical responses to worn-out shoes produce additional energy cost, which is reflected in an elevation in oxygen uptake during walking.
Prolonged physical activity leads to muscle fatigue in active muscles and a decline in muscle tension (Sargeant and Dolan, 1987; Newham et al., 1983) . Prolonged walking with worn-out shoes might cause fatigue of the muscles to compensate for the inadequacy of the shoe in preventing excessive movement of the lower limbs. This phenomenon would make it difficult to stabilize the movement of the lower limbs, and consequently, require an additional energy cost. In addition, prolonged walking might increase impact acceleration in the lower limbs, because some muscles adapt to heel strike-induced impact forces and shock waves Wakeling et al., 2003; Lafortune et al., 1996) . However, our previous study
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Energy Cost during Prolonged Walking Seiji Saito, Satoshi Muraki and Yutaka Tochihara Department of Ergonomics, Faculty of Design, Kyushu University failed to show a significant elevation in impact acceleration at the lateral malleolus by worn-out shoes. It is possible that prolonged walking produces muscle fatigue. Consequently, impact acceleration might be advanced by prolonged walking with worn-out shoes.
Therefore, the present study examined the short-term effect of worn-out shoes on energy costs during walking, then determined the long-term effect of worn-out shoes on movement and the impact acceleration in the lower limbs and energy cost during prolonged walking.
Methods

Subjects
Seven healthy male Japanese volunteers participated in this study. They have always worn shoes measuring 26.5 cm. Their shoes showed attrition on the outer lateral portion of the heel. Means and standard deviations of age, height, body mass, and percent fat were 23.4 Ϯ 0.5 years, 172.3 Ϯ 5.0 cm, 60.8 Ϯ 3.4 kg, and 16.5 Ϯ 1.8%, respectively. They were free from recent injury or pain in the lower limb. This study was approved by the Ethics Research Committee in the Faculty of Design, Kyushu University. Written informed consent was obtained from all subjects before the start of the experiment.
Survey of attrition of the shoe sole
To establish the degree of attrition in the shoes using the following five measurement items, we measured attrition in 17 pairs of shoes belonging to 17 young men, including the seven subjects in this experiment ( Fig. 1) :
(a) The angle formed by the intersection of two lines, connecting points of attrition at the lateral and medial side, and that connecting points at the center of the toe and heel.
(b) The length from the end of the heel to the lateral point without attrition.
(c) The length from the end of the heel to the medial point without attrition.
(d) The length from the point of maximal attrition in thickness to the center of the heelcounter.
(e) The thickness of maximal attrition in the heel portion.
Severity of shoe attrition
In this experiment, the subjects walked in shoes made of ADVAN2003-11 (Moonstar Chemical Corporation, Japan), which are generally used for running, walking, and other sports activities. The size of the shoe was 26.5 cm. The midsoles and outer soles of the shoes were made from foamed copolymer of ethylene and vinyl acetate (EVA), and natural and synthetic rubber, respectively. We established three different conditions of attrition at the heel portion based on the results of the above survey of attrition as follows ( Fig. 2) :
(1) Excessive attrite shoe condition (EASC): wear 78 mm in length and 11 mm in thickness at the outer heel portion. These were the maximal values of the attrition measurements, respectively.
(2) Moderate attrite shoe condition (MASC): wear 59.5 mm in length and 6.7 mm in thickness at the outer heel portion. These were the average values of the measurements, respectively.
(3) No attrite shoe condition (NASC): absence of wear at the outer heel portion.
Procedures
All subjects were examined in our laboratory four times. On the first examination, they walked on the treadmill (NEWROAD 21S AE 25 Takei Scientific Instruments Co. Ltd., Japan) until they became familiar with treadmill walking without the support of the side rails on the treadmill and with all shoe conditions. On subsequent examinations, the subjects participated in the main experiment at approximately the same time of day. On these days, sufficient practice time was allowed to enable subjects to walk comfortably on the treadmill after attaching each measurement sensor. Then, the subjects rested 522 Effects of Worn-Out Soles during Prolonged Walking in a chair for at least 10 minutes, and finally walked on the treadmill while measurements were taken. The velocity of walking increased gradually from 0 km h Ϫ1 to 4.8 km h Ϫ1 within one minute. Next, it remained constant (4.8 km h Ϫ1 ) for 60 minutes with the treadmill belt horizontal. Each subject performed the exercise with three shoe conditions, which were randomly assigned and separated by at least one day. The subjects wore a T-shirt and shorts. These experiments were carried out in a room at an ambient temperature of 22.0 Ϯ 1.0°C and relative humidity of 50 Ϯ 5%.
Measurements
We started all measurements when the treadmill velocity achieved 4.8 km h Ϫ1 . The footswitch signal, impact acceleration, and rearfoot angle were measured during the last 30 seconds of each 10-minute period. Oxygen uptake (V O 2 ) was measured during the last 2 minutes of each 10-minute period.
Gait cycle
Four footswitches (PH-450A DKH, Japan) were taped directly under the skin of the heel and great toe of each foot to determine the toe-off and heel contact events. When each footswitch signal exceeded a voltage threshold, we classified the gait cycle as heel strike (the moment the right heel touches ground), foot flat phase (from the right heel touching the ground to the right toe touching the ground), double support phase (from the right toe touching the ground to the left toe leaving the ground), and single support phase (from the left toe leaving the ground to the right heel leaving the ground). In addition, based on each footswitch signal, we computed the stride rate from 10 strides and expressed it in steps per minute.
Rearfoot angle
Three reflective markers (15 mm in diameter) were attached to the center of the heel counter (m1), the tendo calcaneus (m2), and the gastrocnemius (m3) on the right lower limb. Two-dimensional rearfoot motion was recorded using a digital video camera (NV-GS100K Panasonic, Japan) positioned 2 m behind the subject at a height of 5 cm above the belt on the treadmill . The video recording speed was 30-fields-per-second with a shutter speed of 1/750 s. To obtain images with 60 fields per second, a 30-fields-per-second image was decomposed using specialized software (Cosmos Capture Library, Japan). Then the picture was analyzed using motion measurement software (Move-tr/2D library, Japan). The angle formed by the intersection of the line joining m1 and m2 with the line perpendicular to the ground was defined as eversion-varus of the subtalar joint. The angle formed by the intersection of the line joining m2 and m3 with the line perpendicular to the ground was defined as external-internal of the lower leg (Fig. 3) .
We calculated the mean rearfoot motion pattern of each phase of each condition from 3 stance phases.
Impact acceleration
An accelerometer (Ma3-10Ac Micro Stone, Japan) was attached firmly to the skin with inelastic tapes at the right lateral malleolus (subtalar joint) in a vertical direction. Impact acceleration was defined as the maximal amplitude of the accelerometer transient at heel strike. The measured acceleration values were averaged in each phase of 3 stance phases. The acceleration data was acquired using an A/D converter (PowerLab 18 s ADInstrument, Australia) with a sampling rate of 1 kHz.
Oxygen uptake ( V O 2 )
V O 2 was monitored every 15 seconds during walking by an automatic breath aeromonitor (AE-300S Minato, Japan, O 2 dumbbell type, CO 2 infrared absorption type). This analyzer was calibrated with room air and reference gases of known concentration before each experiment. The measured V O 2 values were averaged per minute.
Statistical analysis
All data are presented as means Ϯ standard deviation. We performed repeated-measure two-way analysis of variance (ANOVA) with shoe condition and walking time as factors. When significant effects were found, Tukey's HSD method was performed. Significance was accepted at pϽ0.05. Statistical analyses were performed using the version 11.5 of SPSS for Windows (SPSS Inc., Chicago, IL, USA).
Results
The stride rates for a 60-minute walk in EASC, MASC, and NASC were 114.8 Ϯ 4.5, 113.8 Ϯ 4.4, and 113.9 Ϯ 4.0 steps · min Ϫ1 , respectively. There was no significant difference in the stride rate among the shoe conditions. In the rearfoot angle, there was no significant interaction between the shoe condition and time in both the subtalar joint and lower leg angle at any phase. In the subtalar joint, however MASC showed a significantly larger angle than EASC for 60 minutes during the heel strike and double supporting phase, and NASC during all phases (Fig. 4) . The differences during all phases between MASC and NASC ranged from 3.2 deg (10th min) to 4.0 deg (60th min). In the lower leg angle, EASC showed a significantly larger angle than NASC for 60 minutes at all phases (Fig. 5 ). EASC showed differences ranging from 1.7 deg (10th min) to 2.0 deg (60th min) compared with NASC in all phases.
For vertical shock acceleration, a significant interaction was found between the shoe condition and time at the subtalar joint. The mean acceleration of EASC increased from 3.7 a.u. (10th min) to 4.9 a.u. (60th min), whereas MASC and NASC were relatively constant throughout the 60-minute walk (Fig. 6) .
The V O 2 was significant larger in EASC than in NASC at the 10th minute of walking. However, V O 2 did not change significantly over time under any condition. The V O 2 in EASC, MASC and NASC for 60 minutes ranged between 800.2 and 817.6 ml · min Ϫ1 , 773.1 and 797.3 ml · min Ϫ1 , and 749.5 and 771.1 ml · min Ϫ1 , respectively (Fig. 7) .
Discussion
The stride rate affects the impact force at heel strike (Farley and González, 1996) and energy cost (Holt et al., 1995; Minetti et al., 1995) during walking. However, the results of the present study under a given walking speed did not show any significant difference in stride rate among shoe conditions, as obtained in a previous study. There were no time effects on the stride rate under any shoe condition during prolonged walking. Therefore, the stride rate is considered not to influence other measured variables.
Short-time effect on energy cost
Oxygen uptake as an index of energy cost increased with 524 Effects of Worn-Out Soles during Prolonged Walking progression of the sole's wear at the 10th minute of walking. The net energy cost of walking in EASC was 9% greater than that in NASC at the 10th minute. Our data of additional energy cost were nearly identical to those of Ralston (1958) . They showed data for normal male subjects walking with immobilization of both ankle joints (ϩ9%), or of one knee at flexion angle of 15°(ϩ10%), or of one hip at a flexion angle of 30°(ϩ10%). These restricting motions at those joints involve increased displacement of the center of mass associated with the energy cost during walking (Ralston, 1958; Abdulhadi et al., 1996; Inman et al., 1981) . In the present study, the subtalar joint and lower leg angles were larger in worn-out shoes than in shoes without wear at the 10th minute of walking. These findings were consistent with the results of our previous study. Furthermore, our previous study showed that the worn-out shoe shifts COP toward the lateral side at mid stance as reflected by phase plane plots of the center of mass during walking. Therefore, these findings suggest that worn-out shoes disrupt optimal motion, and consequently, elevate the energy cost during walking.
Long-term effect on rearfoot angle
The rearfoot angles of the lower leg and subtalar joint were greater in worn-out shoes than in the shoes without wear at the 10th minute of walking. However, both angles under all conditions remained almost constant throughout 60 minutes of walking. In the study by Yoshino et al. (2004) , prolonged walking leads to muscle fatigue in the lower limbs, followed by decline in gait stability and reduction of stride rate to stabilize stance. This study also indicated that the fatigued muscles in the lower limbs cannot maintain the stability of stance. In this study, however, significant changes of gait stability and stride rate were found from the 120th minute of 180 of minutes walking. The present study showed that not only rearfoot angles but also the stride rate under all shoe conditions remained almost constant throughout the 60-minute walk. The walking duration (60 min) in the present study might be too short to precipitate the excessive joint movements induced by worn-out shoes with decreased stability.
Long-term effect on impact acceleration
Impact acceleration at the subtalar joint in EASC increased from the 40th minute of a 60-minute walk, although that effect was not found at the beginning of walking, as shown in a previous study. This finding shows that the impact-modifying ability decreased from the 40th minute of the 60-minute walk. The impact-modifying ability in muscular activation is diminished by muscle fatigue (Mizrahi et al., 2000; Voloshin et al., 1998) . However, the result of the rearfoot angle implies no muscle fatigue in the lower limbs. Therefore, it is expected that factors other than muscle fatigue lead to increases in the impact acceleration at the subtalar joint. The reduction of impact acceleration depends on the contraction velocity and timing of the muscles , compared with muscle tension for control of joint angles in the lower limbs. The delay of these time elements might increase the impact acceleration in the lower limbs. Furthermore, the arch structure and soft tissue of the foot also contribute to decreasing the impact acceleration. However, this ability to absorb the impact is diminished by the decline in viscoelasticity of the arch structure and viscosity of the soft tissue (Clercq et al., 1994; Ker et al., 1987) . Either one or all of these phenomena might occur earlier, causing time differences in the change between impact acceleration and rearfoot angle.
Long-term effect on energy cost
The energy cost at the 10th minute increased with progress in shoe wear, whereas energy cost under all conditions remained constant throughout the 60-minute walk. We reject our hypothesis that the additional energy cost by biomechanical responses to the worn-out shoes increases further with prolonged walking. Changes in energy cost were similar to those of both rearfoot angles and stride rate during prolonged walking. Thus, it is suggested that a 60-minute walk with worn-out shoes does not progressively affect biomechanical movement in the lower limbs and, consequently, does not augment the additional energy cost. However, the additional energy cost might increase if the walking duration was extended, because a 60-minute walk did not cause changes in either gait stability or stride rate, which are involved in the energy cost. Further studies should focus on the time effect of worn-out shoes using a longer walking duration than that in the present study.
Conclusions
The results of the present study suggest that a worn-out shoe increases the subtalar joint and lower leg angles, which elevates energy cost during walking. However, during prolonged walking, a worn-out shoe does not precipitate these movements of both angles and, consequently, does not change the energy cost. However, worn-out shoes increase impact acceleration at the subtalar joint from the 40th minute of a 60-minute walk, although that effect was not found at the beginning of walking.
